New efficient and thermally stable NLO-chromophores 4-5 based on a thienylpyrrolyl donor π-conjugated bridge and a benzimidazolyl acceptor moieties were developed by a one step Na 2 S 2 O 4 reduction of substituted o-nitroanilines in the presence of formyl-thienylpyrroles. Abstract -A new series of thermally stable benzimidazole-based nonlinear optical (NLO) chromophores 4-5 has been developed. These chromophores possess a thienylpyrrolyl π-conjugated system attached to functionalized benzimidazole heterocycles. This feature leads to robust chromophores with excellent solvatochromic properties, high thermal stabilities and good molecular optical nonlinearities.
Introduction
The design and synthesis of organic chromophores as nonlinear optical (NLO) materials has attracted much attention in recent years. They have great potential especially for use in optical communication, information processing, frequency doubling and integrated optics. 1 One commonly used strategy to design π-electron chromophores for second-order NLO applications is to end-cap a suitable conjugated bridge with donor (D) and acceptor (A) substituents. In the 90s several authors pointed out that the strength of the electron-donor and -acceptor must be optimized for the specific π-conjugated system, and the loss of aromaticity between the neutral form and the charge separated zwitterionic form of the chromophore is believed to be responsible for the reduced or saturated β values.
replacing the benzene ring in stilbene derivatives by easily delocalizable five-membered heteroaromatic rings. 3 It has also been demonstrated that the electron density of the π-conjugated system plays a major role in determining second-order NLO response properties.
The electron excessive/deficient heterocycles act as auxiliary donors/acceptors while connected to donating/withdrawing groups, and the increase of donor/acceptor ability leads to substantial increase in β values. 4 Having in mind this idea, several investigators reported on the synthesis and characterization of conjugated heterocyclic systems in which the donor moiety was represented by a π-excessive five-membered heterocycle (pyrrole or thiophene) and the acceptor group was a deficient heterocyclic azine ring. These new heterocyclic derivatives exhibited improved solvatochromic, electrochromic, photochromic, fluorescent and nonlinear optical properties.
5
Despite the growing interest in NLO heteroaromatic chromophores, relevant information concerning the relation between molecular structure and effective material properties for these NLO systems is still scarce.
For the practical application of second-order NLO materials, not only a high hyperpolarizability but also good thermal stability is required. In this respect, promising candidates are benzimidazole derivatives, 6 as well as conjugated thiophene and pyrrole heterocycles acting as auxiliary donors, substituted with appropriate acceptor groups, [7] [8] whereas Due to the deficiency of electron density on the ring C atoms, the benzimidazole heterocycle acts as an electron-withdrawing group and also as an auxiliary acceptor.
Moreover, it extends the conjugation length of the π-electron bridge. Benzimidazole derivatives can also be further substituted on the nitrogen atom so that the electron density of the chromophore can be changed. This functionalization will remove the possibility of tautomerism and introduces a new potentially useful chemical variable for the optimization of NLO activity of the chromophore (e.g. introduction of groups with suitable electronic properties). 6a,6d,9 Despite all these promising properties for NLO applications, only a few publications concerning the synthesis and characterization of NLO-chromophores based on benzimidazole derivatives were found in the available literature. 6a-g Particularly, the synthesis and characterization of new NLO-chromophores, containing a π-excessive thienylpyrrolyl moiety and a electron deficient functionalized benzimidazole heterocycle, has not, to our knowledge, been previously communicated.
We have previously reported several series of donor-acceptor substituted heterocyclic compounds and demonstrated the importance of the thiophene and benz-X-zole rings in enhancing nonlinear response. 8, [10] [11] Especially, in the case of benzothiazole derivatives, we have studied the effect of the π-conjugated bridge on the fluorescence, solvatochromic, and nonlinear optical properties of bithienyl-, Having in mind our recent results and in order to understand better the structure-property relationships for thienylpyrrole substituted benz-X-azole compounds, we decided to investigate the effect of a different benz-X-azole electron deficient heterocycle (benzimidazole) on the linear and nonlinear optical properties of the new NLOchromophores.
Results and discussion

Synthesis
The most popular synthetic approaches for the synthesis of benzimidazoles generally involve the condensation of an arylenediamine with a carbonyl equivalent. 12 These methods usually use strong acid or alternatively harsh dehydratation conditions often at elevated temperatures, in order to afford benzimidazoles. These conditions are not fully compatible with a broad range of functional groups and desirable substrates. Recently, Yang 13 et al reported the synthesis of 2-substituted benzimidazoles by a one step reaction through the Na 2 S 2 O 4 reduction of o-nitroanilines in the presence of aryl or heteroaryl (pyridyl and quinolyl)
aldehydes. Applying this mild and versatile method of synthesis, we were able to prepare the new benzimidazoles 4-5 using as precursors formyl-thienylpyrroles 1-2. The synthesis of compounds 1-2 was recently reported by us through formylation of 1-(alkyl)aryl-2-(2'-thienyl)pyrroles 14 using two distinct synthetic methods. 15 Formyl 1-(alkyl)aryl-2-(2'-thienyl)pyrroles 1-2 with the formyl group at 5´-position or 5-position of the thiophene or pyrrole ring, respectively, were used as precursors of benzimidazoles 4-5 in order to evaluate the effect of the position of benzimidazole group on the optical properties of these chromophores. Therefore, compounds 4-5 with either alkyl or aryl donors on the thienylpyrrolyl system and H, OMe, CN or NO 2 groups on the benzimidazole moiety, were prepared by a one step reaction through the Na 2 S 2 O 4 reduction of several o-nitroanilines 3 in the presence of formyl-thienylpyroles 1-2 in DMSO at 120 °C for 15 h (Scheme 1). Under these conditions, compounds 4-5 were obtained in moderate to excellent yields (40-95%) and the structures of these new chromophores were unambiguously confirmed by their analytical and spectral data (Table 1) . Although compound 5d was obtained from a dinitro precursor 3d, no reduction was observed for the second nitro group.
<Scheme 1> <Table 1>
In the 1 H NMR spectra of benzimidazole derivatives signals at about 11. 63 and 12.45-12.47 ppm for compounds 4a and 5c-d respectively, were detected. All signals appeared as broad singlets and were attributed to the N-H in the benzimidazole moiety. A broad correlation could be observed between the donor or acceptor properties of the group attached to 6-position of the benzimidazole nucleus and the chemical shift of the nitrogen proton of the benzimidazole ring in compounds 4-5 (Table 1 ). In fact, from the data in Table 1 one may infer that an increase in the chemical shift of the NH proton in the 1 H NMR spectra results in a decrease in the basic character of the benzimidazole. The NH was also identified by IR spectroscopy as a sharp band at about 3362-3435 cm -1 .
UV-visible study of benzimidazoles 4-5
The electronic spectra of benzimidazoles 4-5 were recorded in ethanol (Table 1) .
Communication between the electron donating and acceptor termini can be evaluated by comparing the λ max values. The influence of the position of the benzimidazole group on the pyrrole or on the thiophene ring on λ max of absorption for chromophores 4-5 is noteworthy.
The difference in λ max values (∆λ max ) between compounds 4b and 5b is 39 nm (Table 1, entries 2 and 4). As expected, the introduction of the benzimidazole heterocycle at the 5´-position of the thiophene ring (5b), relative to the same acceptor group in the 5-position of the pyrrole ring (4b), results in a bathochromic shift in the λ max of absorption for 5b due to more extensive electron delocalization (Figure 1 ). This fact probably could be due to less steric hindrance between the imidazole NH group and the thiophene ring, when compared to the steric hindrance between the NH with the alkyl or aryl group substituted on the nitrogen atom of the pyrrole ring. 
Solvatochromic behavior of benzimidazoles 4-5
Several studies have demonstrated that the replacement of a benzene ring by a less aromatic heterocycle in typical donor-acceptor chromogens of the same chain length and bearing the same D-A pair, results in a significant bathochromic shift (in a given solvent) of the visible absorption spectra. This red shift, obtained for example with thiophene, pyrrole and thiazole rings, suggests an increase of molecular hyperpolarizability, accordingly to theoretical NLO studies. Experimental data confirmed this positive effect, in particular, for the five-membered heterocycles mentioned above. It is widely recognized that low energy bands in the UV-vis spectra and large solvatochromism are good indicators of potential NLO properties. 8a-b,d,10,11,16 Donor-acceptor substituted thienylpyrroles, 8a-b,d bithienyl-, arylthienyl-and thienylpyrrolylbenz-X-azoles 11 have been known to demonstrate strong solvatochromic behavior. In order to determine the best solvatochromic probe, we carried out a preliminary study of the absorption spectra for compounds 4-5 in solvents with different polarities (diethyl ether, ethanol, chloroform and DMSO). The highest energy transitions were found with nonpolar solvents.
More polar solvents such as DMSO resulted in lower energy transitions. This behavior has been defined as a positive solvatochromic response. Compounds 5a-b and 5d showed the largest energy shifts in the absorption band (∆ν = + 607 cm -1 for 5a, ∆ν = + 731 cm -1 for 5b
and ∆ν = + 1142 cm -1 for 5d), so a full solvatochromic study involving 13 solvents was carried out. The maxima of the wavenumbers ν max for chromophores 5a-b and 5d as well as the corresponding wavelength λ max are listed in Table 2 and compared to the solvent π* values determined by Kamlet and Taft. 17 Noteworthy is the behavior of 5a-b and 5d in chlorinated solvents such as chloroform, which slightly deviates from linearity. 8a,10b In view of the pronounced solvatochromism and the good correlation with π* values for the 13 solvents investigated, compounds 5a (∆ν = + 685 cm -1 ), 5b (∆ν = + 807 cm -1 ) and 5d (∆ν = + 1277 cm -1 ) seem to be very appropriate solvent polarity indicating dyes (Table 2) .
<Table 2>
Nonlinear optical properties and thermal stability of benzimidazoles 4-5
We have used the hyper-Rayleigh scattering (HRS) method [19] [20] to measure the first hyperpolarizability β of benzothiazoles 4-5. p-Nitroaniline (pNA) was used as standard 21-22 in order to obtain quantitative values, while care was taken to properly account for possible fluorescence of the dyes (see experimental section for more details). The static hyperpolarisability β values were calculated using a very simple two-level model neglecting damping. They are therefore only indicative and should be treated with caution (Table 3) .
As expected, the β values for benzimidazoles 4a-b increase with the donor strength of the group attached to the nitrogen atom on the pyrrole ring in the order n-propyl < 4-MeOphenyl.
<Table 3>
Noteworthy is the effect of the electronic nature of the group that substitutes the benzimidazole heterocycle at 6-position. From Table 3 it is obvious that the increase of the acceptor strength of the groups mentioned above, along the series H < CN < NO 2 , results both in red-shifted absorption maxima and enhanced β values for benzimidazoles 5a and 5c-d. The β values for compounds 4a-b and 5a having the unsubtituted benzimidazole group on the pyrrole or on the thiophene ring respectively, are 2-3 times greater than pNA, whereas the β values for compounds having the methoxyl, cyano and nitro groups on the benzimidazole heterocycle substituted on the thiophene ring (5bc-d) are 7-17 times greater than pNA.
Electron deficient heterocycles act as auxiliary acceptors, withdrawing electron density from acceptor substituents and hence increasing the acceptor ability. This increased acceptor ability leads to a substantial increase in NLO response.
These findings are in accordance with theoretical and experimental studies reported before for related compounds, 3h,5a-b,6e,26 and also with our recent work 8b,8d,11d where it was concluded that the increase or decrease of the molecular nonlinear activity of heteroaromatic systems depends substantially on the electronic nature of the (hetero)aromatic rings.
The measured β value for compound 5b is abnormally large (290 × 10 -30 esu), when compared to compounds 5a,c-d; this may be due to a two-photon resonance effect, so no value is given in Table 3 .
Recently, using the same method described above, we have studied the nonlinear optical properties of thienylpyrrolyl-benzothiazoles NLO chromophores 6-7 (Figure 3 ), 11d having the benzothiazole acceptor group attached to the thiophene or on the pyrrole heterocycles. In the case of benzimidazoles 4-5 and contrarily to the results obtained for benzothiazoles 6-7, no effect was observed on the β values for compounds 4b (β = 58 × 10 
Conclusions
The donor-acceptor π conjugated benzimidazoles 4-5 reported meet several of the criteria requested for organic materials used for second order NLO applications:
i) compounds 4-5 were synthesized in moderate to excellent yields from easily available formyl-thienylpyrroles 1-2 and low cost commercially available anilines, using simple and convenient procedures;
ii) they showed excellent solvatochromic properties and thermal stabilities as well as good solubility in usual organic solvents;
iii) although the NLO activity is only moderate, their thermal stability is very high.
The combination of these properties suggests the potential application of benzimidazoles 4-5
for device applications in guest-host systems. Light petroleum refers to solvent boiling in the range 40-60 ºC. The synthesis of formylthienylpyrroles 1-2 was described elsewhere. 
General procedure for the synthesis of thienylpyrrolyl-1,3-benzimidazoles 4-5
A solution of o-nitroaniline (1 equiv) and formyl-thienylpyrrole (1 equiv) in DMSO (1 mL) was treated with Na 2 S 2 O 4 (3 equiv), dissolved in a small volume of water, and heated at 120 ºC with stirring for 15 h. The mixture was poured into water (20 mL) and extracted with ethyl acetate (3 × 50 mL). The organic layer was dried with magnesium sulphate and evaporated under reduced pressure to give the crude thienylpyrrolyl-benzimidazoles 4-5 which were purified by chromatography on silica with increasing amounts of diethyl ether in light petroleum as eluent. 
2-(1´-Propyl-2´-(2´´-thienyl)pyrrolyl)-1,3-benzimidazole (4a
2-(1´-(4´´´-Methoxyphenyl)-2´-(2´´-thienyl)pyrrolyl)-1,3-benzimidazole (4b). Dark yellow solid (74%
6-Methoxy-2-(1´´-(4´´´-methoxyphenyl)-2´´-(2´-thienyl)pyrrolyl)-1,3-benzimidazole (5b). Yellow solid (76%
6-Cyano-2-(1´´-(4´´´-methoxyphenyl)-2´´-(2´-thienyl)pyrrolyl)-1,3-benzimidazole (5c). Pale green solid (85%
6-Nitro-(1´´-(4´´´-methoxyphenyl)-2´´-(2´-thienyl)pyrrolyl)-1,3-benzimidazole (5d).
Orange solid (64%). Mp: 113.1-115.8 ºC. UV (dioxane): λ max nm (log ε ) 363.0 (4.34), 284.5 This allows us to determine if fluorescence is present and to reliably correct for its presence provided that the integrated contribution is less than 80% of the total detected signal within the temporal gate of the box-car integrator (25 ns). When using the "narrow" band filter the estimated fraction of the total detected signal due to fluorescence is listed in the following We estimate that the error associated with the above values is less than 20% of the value quoted.
Thermogravimetric analysis of compounds 4-5
Thermogravimetric analysis of samples was carried out using a TGA instrument model Q500
from TA Instruments, under high purity nitrogen supplied at a constant 50 mL min -1 flow rate.
All samples were subjected to a 20 ºC min -1 heating rate and were characterized between 25 and 700 ºC. 
